We investigated a mechanism of rectification in di-block oligomer diode molecules that have recently been synthesized and showed a pronounced asymmetry in the measured I-V spectrum. The observed rectification effect is due to the resonant nature of electron transfer in the system and localization properties of bound state wave functions of resonant states of the tunneling electron interacting with asymmetric molecule in an electric field. The asymmetry of the tunneling wave function is enhanced or weakened depending on the polarity of applied bias. The conceptually new theoretical approach, the Green's function theory of sub-barrier scattering, is able to provide a physically transparent explanation of this rectification effect based on the concept of the bound state spectrum of a tunneling electron. The theory predicts the characteristic features of the I-V spectrum in qualitative agreement with experiment.
In their pioneering paper [1] Aviram and Ratner proposed the idea of a molecular rectifier that contains donor and acceptor π-conjugated segments separated by an insulating σ-bonded segment of molecular wire. Several molecular rectifying systems have been synthesized in the past decade using Langmuir-Blodgett molecular assembly [2] [3] [4] [5] [6] . Attempts to provide experimental proof of molecular rectification were complicated by difficulty in establishing reproducible electrical contacts between metallic electrodes and a single molecule which resulted in uncontrollable interface rectification effects [7] .
Recently, a new class of diode molecules has been synthesized based on di-block oligomer molecules [8, 9] . These molecules consisting of thiophene and thiazole structural units, have shown a pronounced rectification effect as a result of built-in chemical asymmetry. Importantly, it was unambiguously shown that the rectification effect is an intrinsic property of di-block oligomer molecules, and not due to the molecule-electrode interfacial interactions. In addition, by synthesizing diode molecules with different terminal thiol groups, it has become possible to assemble the diode molecules between gold electrodes with pre-defined rectification direction [10] .
In this letter we explain the mechanism of rectification in di-block oligomer diode molecules. We demonstrate that the observed asymmetry of current-voltage characteristics is the result of the resonant character of electron transport in molecular diodes and spatial asymmetry of the wave-function of a tunneling electron interacting with asymmetric molecule in an applied electric field. The asymmetry of the tunneling wave function is enhanced or weakened depending on the polarity of applied bias.
The di-block oligomer molecule consists of two parts each containing an equal number of thiophene (C 4 N) and thiazole (C 3 NS) rings, see Fig. 1a . Two-terminal molecular circuits is produced by sequential assembly between two gold electrodes, and the current-voltage characteristics of an individual molecule is measured by scanning tunneling spectroscopy [8] [9] [10] . The characteristic feature of an I-V spectrum of molecular diodes is threshold voltage i.e. the absence of current below some value of applied bias. The threshold is observed for both polarities of the bias, see Fig. 1 .b.
We have recently shown [11] that the presence of a threshold in the I/V spectrum is a distinct signature of resonant electron transport in a single molecule.
In the electrode-molecule-electrode system the electron tunnels through the organic molecule at negative energies with respect to the vacuum level. An important question is concerned with the nature of the energy spectrum of the tunneling electron. Usually, the electron orbitals of a neutral molecule are calculated and used for interpretation of the transport mechanisms. In reality, the tunneling electron is an extra electron that interacts with the neutral molecule (with its electrons and nuclei) in the course of electron transition. Therefore, its energy spectrum at negative energies corresponds to the energy levels of the "negative ion", i.e. the bound energy spectrum of the system of one electron plus a neutral molecule [12] .
In order to address this issue we have developed a theory of the energy spectrum of a tunneling electron in a molecular wire based on the concepts of sub-barrier scattering [13, 14] . Depending on the properties of the energy spectrum and its position with respect to the Fermi levels of the electrodes, two fundamental mechanisms of electron transport through single molecules are possible. They are ordinary tunneling, when the energy levels of a tunneling electron are above the Fermi level of the negatively biased electrode, and resonant electron transfer, when part of the spectrum is within the energy interval bias is applied to the right electrode so that the electrons of the left electrode are transferred to the right electrode via the resonant energy levels of the negative ion. In general, the energy spectrum of a neutral molecule is very different from the energy spectrum of an extra electron interacting with the molecule, i.e. the energy spectrum of the negative ion. Therefore, the traditional concepts of quantum chemistry such as HOMO and LUMO frequently used to interpret transport through molecules are not applicable to the analysis of electron transport through a single molecule. In addition, the electrons in an organic molecule In both cases, the resonant current acquires an asymmetry with respect to the polarity of an applied bias:
Because the probabilities of electron transfer to the left and right electrodes are proportional to
, the asymmetry in the current as the polarity of bias changes will be due to the inequality l r γ γ ≠ . This is because chemically different parts of the molecule interact differently with the tunneling electron. However, the standard calculations of the wave-function of the tunneling electron using an effective one-electron potential such as that used in density functional theory would predict almost zero resonant current because of the exponentially small penetration of the bound state wave function under the triangular potential barrier of an applied electric field for sufficiently long molecules. Obviously, this conclusion contradicts experiment and requires new, non-standard approaches for investigation of the resonant transitions in single molecular systems.
We have recently developed a theory of electron transfer in single molecular systems which is based on Green's function theory of electron sub-barrier scattering off the structural molecular units (or functional groups) of a molecular chain [13, 14] . The fundamental building block of this theory is the scattering operator ( ) t ε θ is calculated using a variational-asymptotic approach that explicitly takes into account the electron-electron and electron-nuclei interactions between the tunneling electron and the molecule [15] . All the complexity of the many-body interactions between the tunneling electron and the molecule is coarse grained into the energy ε and the scattering angle θ dependence of the scattering operator. Once the ( ) The effects of an external electric field are explicitly taken into account by parametric referencing of the local vacuum levels of the scattering centers by the local electrostatic energy ( , ) ( ) ( , ; ) ( , ), 
The determinant of system (4) is the secular equation for the eigenspectrum of the bound states det ( , ) ( , ; ) 0.
As is seen from (4)- (6), the quantity ( ) 
As the bias is increased, this ratio is reduced due to the trend for wave function localization at the right end, by a rate which is determined by the ratio
. Eventually, this ratio becomes less than 1 at any bias above the threshold value, but the localization of the bound state of the tunneling electron at the right end of the molecule is greatly reduced because of the initial dominance of the scattering operators at the left end. Therefore, the probability l γ will be appreciable and the direct current is substantial. In the case of negative bias applied to the molecule, the localization at the left end of the molecule is greatly assisted due to the initial imbalance ( ) 2500; 1500 c c = = were chosen based on our previous calculations of scattering operators for various molecular systems and taking into account the specific conditions of the experiment. In particular, the values of the coefficients in (7) are an order of magnitude larger than that for simple systems such as the hydrogen atom, which is quite reasonable when taking into account the fact that the scatterers are molecular systems consisting of several atoms connected by The calculated I-V spectrum for a molecular diode is shown and compared with experiment in Fig. 3 As stressed above, the rectification effect in diode molecules is the consequence of resonant electron transfer in di-block oligomer systems. Interestingly, a similar asymmetry in the I-V spectrum with respect to the polarity of applied bias can be observed in the regime of direct tunneling through single molecules, i.e. when the energy levels of the tunneling electron are above the Fermi level of the negatively biased electrode. However, the rectification ratio and absolute values of the tunneling current are much smaller than in the resonant case.
In conclusion, we investigated the mechanism of rectification in di-block oligomer diode molecules and have shown that the observed rectification effect is due to both the resonant nature of electron transfer in the system and the localization properties of bound state wave functions of the resonant states of the tunneling electron in an electric field. We have shown, that the standard concepts of quantum chemistry and solid state physics such as HOMO-LUMO and p-type and ntype conduction that are usually used to interpret experimental results are not applicable in the case of single electron transport in molecular systems. This conceptually new theoretical approach, the Green's function theory of sub-barrier scattering, provides a physically transparent explanation of the rectification effect based on the concept of the bound state spectrum of a tunneling electron and predicts the characteristic features of an I-V spectrum in qualitative agreement with experiment. 
